. Consistent with these sentation of remotely learned and extensively practiced information, we recorded from hippocampal neurons as latter reports, neurophysiological studies in nonhuman primates have shown robust effects of visual experience animals performed a location-scene association task. In this task, animals learned which one of four identical on neural activity throughout the temporal lobe. Two general categories of long-lasting experience-depentargets superimposed on a complex visual scene was associated with reward. Each day, animals not only dent plasticity have been described. First, a common effect of long-term visual experience is the gradual delearned novel location-scene associations, but they also performed a set of four highly familiar "reference" crease of neural activity as an initially novel stimulus becomes familiar (Fahy et al., 1993; Li et al., 1993; Riches scenes randomly intermixed with the new scenes. To determine if hippocampal cells signal well-learned inforet al., 1991). This effect is also observed in the prefrontal cortex Rainer and Miller, 2000) . A mation, we compared the response magnitude, visual response latency, and degree of selectivity of hipposecond category of experience-dependent plasticity involves changes in a neuron's stimulus-selective recampal cells to both new and highly familiar scenes. We show that hippocampal neurons signal well-learned sponse properties. Neurons with high stimulus selectivity typically respond with increased firing rates to one stimuli with a significantly more selective response compared to novel stimuli. particular visual stimulus compared to other visual stimuli, and this increase in stimulus selectivity has been reported following extensive training on visual discrimi- familiar reference scenes ( Figure 1A ). The average peron the excitatory and inhibitory cell classifications, since there were no significant differences between the reformance of the two animals on reference scenes across the recording sessions was 98% (monkey 1, 96.7%; sponses of these classes of cells on any of the measures described below. monkey 2, 99.4%). Animals learned 270 of 347 novel scenes and performed an average of 75% correct. We
In a previous study (Wirth et al., 2003) , we analyzed the baseline firing rates for this population of hippocamfound that long-term memory for the highly familiar reference scenes was reflected in the reaction time of the eye pal cells and identified a population of high firing rate cells (Ͼ20 spikes/s) and a population of low firing rate movement response. Animals responded significantly faster to the reference scenes compared to the new cells (Ͻ20 spikes/s). The low and high firing rate cells have similarities to the putative pyramidal and putative scenes (reference ϭ 239 Ϯ 5 ms, new ϭ 370 Ϯ 7 ms, correct trials only; t test, T ϭ 2.58, p Ͻ 0.01).
interneurons described in the rat hippocampus (Frank et al., 2002; Wirth et al., 2003) . However, because there were no differences observed between the low and high Neural Activity: Basic Response Properties firing rate cells for any of the measures examined in this We recorded a total of 145 cells from the hippocampus study, we will not comment further on them. of two monkeys (82 cells in monkey 1 and 63 cells in monkey 2; Figure 1B ). This population of cells is the Neuronal Response Latency to Visual Stimuli same population used to examine learning-related activGiven that behavioral response latency was significantly ity in the hippocampus (Wirth et al., 2003) . In that study, shorter to the well-learned reference scenes compared we described a subset of 25 hippocampal neurons that to novel scenes, we asked whether this differential reacshowed learning-related changes in neuronal activity tion time might also be reflected in the neuron's visual that were highly correlated with behavioral performance. response latency to the reference compared to the new We called these cells changing cells. We included the scenes. To address this question, we compared the changing cells in the following analyses, but only used mean visual response latency to reference and new trials from the changing cells (including both correct and scenes for the 74 neurons that had scene-selective reerror trials) when the animals were performing better sponses. There was no difference in the mean visual than 80% correct. Thus, any significant learning-related response latency to reference and new scenes (referchanges in neural activity were excluded from the presence ϭ 151.9 Ϯ 8.8 ms, new ϭ 152 Ϯ 10.1 ms, p Ͼ 0.5, ent analysis. paired t test; Figure 2A ). Figure 2B shows a population We first asked how many cells showed activity that peristimulus time histogram of all selective excitatory was dependent on the identity of the scenes. To address this question, we applied a permutation test to the neural activity during the scene and delay periods of the task relative to baseline (Table 1) . We do not comment further Figure 4B ) of the task. We found that the average SI for the reference scenes was significantly higher than show that hippocampal cells respond with an enhanced selectivity to reference scenes compared to new the average SI for the new scenes during both the scene selectivity to reference scenes compared to new scenes, for each cell, we calculated a ratio index (RI) of selectivity defined as the selectivity to reference scenes minus the selectivity to new scenes divided by their sum during both the scene and delay periods of the task. For each cell, we calculated two separate ratio indices, one using SI values and the other using DTI values. Figures 6A  and 6B show the distribution of ratio indices using SI values during the scene and delay period, respectively. During both the scene and delay periods of the task, there was a significant positive shift away from 0 in the mean RI value (scene, p Ͻ 0.001; delay, p Ͻ 0.001; onesample t test). A significant positive shift away from 0 in the distribution for both the scene and delay periods was also seen if we calculated the RI using the DTI values (scene, p Ͻ 0.01; delay, p Ͻ 0.001; one-sample t test). Thus, these findings show that many hippocampal cells respond with a higher selectivity to reference scenes compared to new scenes.
Measures of Selectivity
Next, we asked if the enhanced selectivity to reference scenes was generally expressed as an increase or decrease in firing rate to reference compared to new scenes, or a combination of the two. To address this question, we first identified the individual cells with greater selectivity to reference scenes compared to new scenes using the ratio index (cells with positive index ratio in Figures 6A and 6B; scene period, n ϭ 29; delay period, n ϭ 28). A comparison of the average and best firing rates to the reference and new scenes during the scene period of the task revealed that the majority of In this study, we defined selectivity using both a selecstudy using a similar task (Chen and Wise, 1995) showed tivity index (SI) and a depth of tuning index (DTI). Cells that cells in the supplementary eye field responded sewith higher selectivity index values tended to respond lectively to a particular reference scene and during the best to a certain stimulus in a category (i.e., reference learning process came to respond similarly to a new or new) and less to the other stimuli in that category, scene with the same rewarded target location (termed while cells with low selectivity index values tended to learning-dependent responses). This pattern of activity respond more similarly to all stimuli in a category. Our suggests a motor-based learning signal. In contrast to data showed that more hippocampal cells expressed the data from the supplementary eye field, none of the the enhanced selectivity through an overall decrease in hippocampal changing cells (n ϭ 25) had similar refiring rate to reference scenes compared to new scenes, sponses to the new scenes and reference scenes with while a minority of cells expressed the enhanced selecthe same rewarded target location during either the tivity with an overall increase in firing rate to reference scene, delay, or response periods of the task (paired t compared to new scenes. These findings are consistent test, p Ͻ 0.01). Taken To define whether neurons responded selectively during the scene and delay periods of the task, a permutation test was perscenes in the set. The four highly familiar reference scenes each had a different rewarded target location. Because new and reference formed on the responses to all reference and new scenes presented. This is a "distribution-free" statistical method that does not require scenes were always presented in a randomly intermixed fashion, the reference scenes could not be used as a cue for the correct any assumptions about the underlying distribution. For each cell, we estimated the probability that the mean firing rates in response location of any given new scene. Over the course of the session, animals eventually learned, through trial and error, which target to each visual scene could be obtained by randomly associating neuronal activity with each one of the images (the null hypothesis location was associated with each new scene. Performance on reference scenes was always at or near 100% correct.
is that average neuronal activity in response to each scene is the same). For each cell, average firing rate on every trial during scene (or delay) period was randomly associated with a response to one Recording Techniques of the visual images presented (without replacement) and the mean Two adult male rhesus monkeys participated in the experiment.
was calculated for each group. The obtained means were then transFollowing behavioral training, the animals were implanted with an formed into z scores, and the absolute values of z scores were eye coil, a head post, and a recording cylinder under isoflurane added together to get a composite z score. We performed 1000 of anesthesia using sterile surgical techniques. Animals received postsuch random permutations, each time calculating the composite z operative analgesics, and all procedures and treatments were in score. Thus, we obtained a shuffled distribution of composite z accordance with the National Institutes of Health Guide for the Care scores, allowing us to estimate the probability of obtaining a comand Use of Laboratory Animals. During the recording experiments, posite z score by chance for each neuron. Cells were classified as animals were seated comfortably in a primate chair (Crist Instruselective (being significantly modulated by visual features of images) ments, Damascus, MD) while the head was restrained. Individual if the composite z score was greater than 99% of the information tungsten microelectrodes (catalog # UEWLEFSM4N1E, FHC, Bowobtained using randomly shuffled input. The population of hippodoin, ME) were advanced with a hydraulic microdrive inserted campal cells included in this permutation analysis (including both through a stainless steel guide tube positioned in a grid system changing and nonchanging cells) responded an average of 25 Ϯ 1 (Crist Instruments). We used an online spike-sorting system (MSD, times (range 10-71) to each reference scene and an average of 35 Ϯ Nazareth, Israel) to isolate the activity of individual neurons through-1 times (range 10-97) to each new scene. We also confirmed that out the recording area. We made no attempt to prescreen isolated the results of the permutation test were in good agreement with neurons. Instead, once any neuron was well isolated, we started a both the Kruskal-Wallis test (p Ͻ 0.05) and a one-way ANOVA (p Ͻ new recording session by giving the animal a set of new scenes 0.05). For cells that showed scene-selective response, visual retogether with reference scenes.
sponse latency was estimated as the time from the scene onset to the half of the maximal response of a cell. Cells with atypical visual responses including cells with multiple, irregular peaks of activity Recording Locations during the scene period were excluded from this analysis. To define The position of the recording chamber for each animal was calcuthe "best" response, we ranked a cell's responses to all stimuli lated using presurgical MRI images. Chambers were implanted on presented and chose a maximal excitatory or inhibitory response. the dorsal surface of the skull above the hippocampus in both aniIn addition, we applied the permutation test (p Ͻ 0.01) to estimate mals. To determine the location of the recording sites, we first meathe effects of directionality of motor responses on a subset of cells sured the distance from the dorsal surface of the brain to the bottom (110/145) for which the animals sampled at least three different of the brain directly using a thin microelectrode probe. We then directions during performance of new and reference scenes. For used the MRI images from each animal to calculate the distance this analysis, the neural activity for correct and error trials were from the bottom of the brain to the dorsal and ventral limits of the sorted based on direction of eye-movement response. hippocampus. All of our recording sites fell within the hippocampus for both animals. Recording sites appeared to cover all hippocampal subdivisions (i.e., dentate gyrus, CA3, CA1, and subicular complex).
Selectivity Index However, without histological verification (both animals are currently The selectivity index (SI) was calculated on average normalized firing participating in ongoing studies), no conclusions can be made conrates during the scene and delay period (Moody et al., 1998) . It was cerning the precise locations of the cells. defined as the following:
Data Analysis
SI ϭ (n Ϫ ͚ n iϭ1 i / max )/(n Ϫ 1), All data were analyzed with custom written Matlab (MathWorks, Natick, MA) programs. Statistical analyses were done using either the statistics toolbox in Matlab or Stastistica (StatSoft, Tulsa, OK). where i is response to i th scene, max is maximal response for a cell, Baseline activity was defined as the average activity during the 300 and n is the total number of scenes. We calculated SI ref and SI new ms fixation period. Activity during a sample period was analyzed separately for each cell. 50-500 ms after stimulus onset, and delay period activity was assessed 50-700 ms after stimulus offset. For all neural analyses, the Depth of Tuning Index responses were normalized by subtracting the baseline activity from
The depth of tuning index (DTI; Moody et al., 1998) was calculated either the scene or delay period activity. The absolute value of this on mean normalized responses during the scene and delay period number was then used in the analysis. To ensure that we analyzed as follows: responses only of cells that were stable over time, we applied the following criteria to the population of cells. For the majority of cells (120/145), both correct and error trials were used for all neural analy-DTI ϭ max Ϫ min max , ses. The stability of their responses was examined by a changepoint test at p Ͻ 0.05 (Siegel and Castellan, 1988 (Wirth et al., 2003) . For these cells, we analyzed only the trials (including both the temporal properties of the neuronal responses to reference and new scenes, we computed SIs and DTIs on population average over correct and error trials) when the animals were performing better than 80% correct. Thus, any significant learning-related changes 50 ms bins starting from stimulus onset for cells with selective responses during the scene and delay periods. Comparisons of were excluded from the present analysis. Trials when the animal broke fixation or failed to complete were excluded from the analyses. selectivity index distributions were done using Wilcoxon signed rank test and a paired t test, both evaluated at p Ͻ 0.05. We used a paired t test (p Ͻ 0.05) to determine if a cell was respon-
